Myosin V motor proteins facilitate recycling of synaptic receptors, including AMPA and acetylcholine receptors, in central and peripheral synapses, respectively. To shed light on the regulation of receptor recycling, we employed in vivo imaging of mouse neuromuscular synapses. We found that myosin Va cooperates with PKA on the postsynapse to maintain size and integrity of the synapse; this cooperation also regulated the lifetime of acetylcholine receptors. Myosin Va and PKA colocalized in subsynaptic enrichments. These accumulations were crucial for synaptic integrity and proper cAMP signaling, and were dependent on AKAP function, myosin Va, and an intact actin cytoskeleton. The neuropeptide and cAMP agonist, calcitonin-gene related peptide, rescued fragmentation of synapses upon denervation. We hypothesize that neuronal ligands trigger local activation of PKA, which in turn controls synaptic integrity and turnover of receptors. To this end, myosin Va mediates correct positioning of PKA in a postsynaptic microdomain, presumably by tethering PKA to the actin cytoskeleton.
Myosin V motor proteins facilitate recycling of synaptic receptors, including AMPA and acetylcholine receptors, in central and peripheral synapses, respectively. To shed light on the regulation of receptor recycling, we employed in vivo imaging of mouse neuromuscular synapses. We found that myosin Va cooperates with PKA on the postsynapse to maintain size and integrity of the synapse; this cooperation also regulated the lifetime of acetylcholine receptors. Myosin Va and PKA colocalized in subsynaptic enrichments. These accumulations were crucial for synaptic integrity and proper cAMP signaling, and were dependent on AKAP function, myosin Va, and an intact actin cytoskeleton. The neuropeptide and cAMP agonist, calcitonin-gene related peptide, rescued fragmentation of synapses upon denervation. We hypothesize that neuronal ligands trigger local activation of PKA, which in turn controls synaptic integrity and turnover of receptors. To this end, myosin Va mediates correct positioning of PKA in a postsynaptic microdomain, presumably by tethering PKA to the actin cytoskeleton.
cAMP | muscle | neuromuscular junction | microdomain | synaptic plasticity R ecently, myosin V motor proteins were found to be crucial for the plasticity of central and peripheral synapses by facilitating, respectively, the recycling of AMPA (1-3) and acetylcholine receptors (AChRs) (4) . The neuromuscular junction (NMJ) is the synapse between motor neurons and skeletal muscle fibers. Even though it is formed during ontogenesis and then maintained over the years (5) , half-lives (t 1/2 ) of a few days are typical for its protein constituents, such as the AChR (6) . The high enrichment of AChRs in the postsynapse is regulated by accurate targeting and turnover of this receptor. Vesicular transport is employed for this purpose, using different routes of exocytosis, endocytosis, and recycling (7) (8) (9) . We identified myosin Va as the first motor protein involved in AChR trafficking and have found it to facilitate its recycling (4) . Down-regulation of myosin Va led to a reduced t 1/2 of AChRs (4) similar to pathological conditions, such as denervation (6, (10) (11) (12) (13) or dystrophy (14) . A shortened t 1/2 of AChRs accompanies morphological changes of the NMJ: while NMJs in mouse muscles are normally elliptic and pretzel-shaped (15) , they elongate and fragment under pathological conditions (16, 17) .
Previous studies have revealed a major role of cAMP signaling in controlling the t 1/2 of AChRs (12, 18) . cAMP is formed upon activation of G protein-coupled receptors and mediates its effects mainly through protein kinase A (PKA). Notably, stimulation of cAMP synthesis rescued AChR lifetime in denervated (12, 19) and dystrophic muscles (14) . Several groups have described antagonistic functions of protein kinase C and PKA on AChR persistence and synaptic strength (18, 20, 21) : although activation of protein kinase C destabilizes AChRs, PKA activity protects this receptor from such destabilization (18) . In this context, the neuropeptide and cAMP agonist, α-calcitonin gene-related peptide (CGRP), is thought to be a prime regulator of PKA activation (18, 20) . CGRP is present in motor nerve terminals and is released in an activity-dependent manner (22) . Production of cAMP and activation of PKA are induced upon CGRP receptor binding, leading to short-and long-term effects (22) : CGRP leads to AChR phosphorylation (23) , increased AChR (20, 24) and decreased acetylcholine esterase expression (25, 26) , and NMJ-strength potentiation (27) . Thus, CGRP seems to be a trophic factor for the NMJ by local stimulation of cAMP signaling.
The second messenger, cAMP, modulates many cellular functions in response to a variety of stimuli. To assure specificity of the cellular output to different ligands, spatiotemporal compartmentation of the cAMP/PKA pathway into distinct PKA microdomains is thought to be essential (28) . Inactive PKA is an heterotetramer consisting of two regulatory (PKA R) and two catalytic subunits, but the catalytic subunits dissociate from the regulatory peptides upon activation by cAMP and phosphorylate target molecules. PKA R exist in four isoforms, RIα/β and RIIα/β. Seemingly, α-isoforms prevail in skeletal muscle (29, 30) and PKA RIα mRNA and protein are enriched in the NMJ region (29) (30) (31) . PKA microdomain organization is formed through binding of PKA R to A-kinase anchoring proteins (AKAP) (32) . Their interaction is the result of a dimerization/docking (DD) domain and an amphipathic α-helix on PKA R and AKAP, respectively. PKA R isoformspecific AKAP disruptor peptides were developed, such as the RI anchoring disruptor (RIAD) peptide for PKA RI (33) .
We have recently created cAMP sensors, which were targeted in an AKAP-dependent manner into distinct PKA microdomains, and allowed their functional characterization in heart muscle cells (34) and skeletal muscle fibers in vivo (35) . The probes are composed of DD-domains followed by a cAMP sensor based on the "exchange protein directly activated by cAMP" (Epac). Epacbased cAMP sensors bear a cAMP-binding domain of Epac between the GFP mutants CFP and YFP (36) . Thus, while CFP or YFP fluorescence of these probes indicate the localization of a PKA microdomain, changes in cAMP levels ([cAMP]) within the microdomain are monitored by alterations in Förster resonance energy transfer (FRET). Here we show a functional link between PKA microdomain organization, myosin Va-based AChR trafficking, and activity-dependent maintenance of the NMJ. Notably, these experiments were carried out in the live, anesthetized mouse after transfection of skeletal muscles.
Results
PKA RIα Is Enriched Below NMJs In Vivo. Formation and localization of PKA RIα dimers in live mouse muscle were investigated by using the bimolecular fluorescence complementation (BiFC) approach. In BiFC experiments, nonfluorescent halves of a GFP mutant reconstitute a fluorescent molecule, if both are brought together via dimerizing fusion proteins (37) . We generated BiFC constructs containing full-length PKA RIα and N-(VN) or Cterminal halves (VC) of the GFP mutant Venus (Fig. 1A) . Ten days upon cotransfection of both constructs into tibialis anterior (TA) muscles in live mice, we labeled NMJs with fluorescent α-bungarotoxin (BGT-AF647), a marker of AChRs, and monitored BiFC and BGT fluorescence by in vivo confocal microscopy. Because, under these conditions, transgenic and endogenous PKA RIα might partially interact and, also because homo-dimers of transgenic PKA RIα would be nonfluorescent, it is likely that only a minor portion of PKA RIα was visible by BiFC. Nonetheless, a clear enrichment of BiFC was observed, primarily in puncta below NMJs (Fig. 1B; Fig. S1 , Top). Conversely, coexpression of DD-domain-lacking PKA RIα BiFC constructs (ΔDD-RIα-VN and ΔDD-RIα-VC) with cytoplasmic mCherry did not show such BiFC signals (Fig. S1, Middle) . Subsynaptic BiFC signals were also not observed upon coexpression of full-length PKA RIα BiFC constructs with AKAP disruptor peptide, RIAD-mCherry (Fig.   S1 , Bottom). These data strongly suggest that PKA RIα dimerizes and accumulates close to NMJs in a DD-domain-and AKAPdependent manner in vivo. (Fig. 1A) or the PKA RIIα-(RIIα-EPAC) microdomains. Ten days after transfection, muscles were injected with BGT-AF647 to reveal NMJs and fluorescence was monitored by in vivo confocal microscopy. While RIIα-EPAC showed no enrichment in the NMJ region, RIα-EPAC clearly accumulated below NMJs (Fig. 1C shows a 3D projection; arrowhead, NMJ of a RIα-EPAC-negative fiber). This result confirmed our BiFC data (Fig. 1B) . Quantification (see Fig. S2 for the procedure) revealed that~70% of all fibers expressing RIα-EPAC exhibited subsynaptic clusters of the PKA RIα marker (Fig. 1D) . Morphologically, both RIα-EPAC-positive and -negative NMJs were quite similar and we could not detect a significant difference in NMJ size between both groups. Coexpression of RIAD strongly reduced RIα-EPAC localization in the NMJ area to~10% of all RIα-EPAC-expressing fibers ( Fig.  1D and Fig. S3 ). Notably, a similar reduction of subsynaptic PKA RIα marker localization was also observed upon coexpression of siRNA against myosin Va (silMyoVa) (Fig. 1D and Fig. S3 ). Furthermore, because myosin Va is dependent on the actin cytoskeleton for proper function (38), we asked whether altering the actin dynamics would exert a comparable effect. We thus coexpressed the actin severing protein, gelsolin-GFP (39), with RIα-EPAC. In addition, this treatment strongly reduced the subsynaptic enrichments of the PKA RIα marker ( Fig. 1D and Fig. S3 ). Immunostainings in muscles not transfected with the Epac sensors showed that gelsolin-GFP also displaced endogenous PKA RIα and myosin Va ( Fig. S4 A and B) . To test the role of nerve-input and PKA activity, we quantified RIα-EPAC accumulation in denervated muscles and muscles transfected with the protein kinase A-specific inhibitor, PKI (40) . These treatments did not affect sensor localization, suggesting that postsynaptic clustering of PKA RIα occurs independently of nerve and PKA activity ( Fig. 1D and Fig. S3 ).
NMJ Maintenance Depends on Neuronal Input and Postsynaptic
Enrichment of PKA RIα In Vivo. Previously we described that interference with myosin Va function leads to severe size reduction of NMJs (4). Now we have found that the same treatment also delocalized PKA RIα from its subsynaptic site (Fig. 1D ). To investigate if the ablation of PKA RIα subsynaptic enrichment might itself be a trigger for the size-reducing effect of myosin Va inhibition, we tested whether the block of AKAP function or alteration of the actin cytoskeleton would affect NMJ size as well. Indeed, quantitative analyses (see Fig. S2 for the procedure) revealed that NMJ size was significantly reduced by both treatments (Fig. 1E) . Notably, the observed reduction in NMJ size was not correlated to decreased fiber cross-sectional areas (Fig. 1F) , showing that it was not caused by fiber shrinkage. Next, we checked whether nerve or PKA function were needed for this activity and found a strong reduction of NMJ areas upon denervation and upon transfection with PKI ( Fig. 1E ). In the case of denervation, but not in the presence of PKI, muscles also showed a decrease in cross-sectional area (Fig. 1F ).
Turnover of AChRs Is Dependent on Nerve Input and an Intact
Postsynaptic Enrichment of PKA RIα In Vivo. To investigate whether the decrease of NMJ size was linked to reduced AChR persistence and morphological integrity of NMJs, we undertook an in vivo pulse/chase-like experiment using differentially labeled Graphs showing either the fractions of NMJs exhibiting accumulations of RIα-EPAC (D), the NMJ volumes (E), or the cross-sectional areas per fiber (F) under different experimental conditions. Muscles were either transfected with RIα-EPAC (control and denervated) or cotransfected with RIα-EPAC and RIAD, silMyoVa, gelsolin, or PKI (indicated below bars) and 10 days later imaged with in vivo confocal microscopy. NMJs were labeled with BGT-AF647 shortly before imaging. Cross-sectional areas were determined on transversal slices taken from some muscles. Graphs show mean values of n independent experiments ± SEM. n-values in D and E: control, ≥11; RIAD, ≥10; silMyoVa, ≥6; gelsolin, ≥5; denervated, ≥5; PKI ≥6. n = 4 in F. For all conditions ≥90 NMJs (D and E) and ≥400 fibers (F) were analyzed.
AChR pools (Fig. 2) . Ipsilateral TA muscles were cotransfected with RIα-EPAC and RIAD, silMyoVa, gelsolin-GFP, or PKI. Some ipsilateral legs were transfected with RIα-EPAC and denervated. Contralateral muscles served as controls and were transfected with RIα-EPAC. Simultaneously, all muscles were injected with BGT-AF647 to label AChRs exposed to the cell surface at this time point ("old receptors"). The administered BGT-AF647 was present for marking AChRs only within few hours upon injection (4). Ten days later, muscles were injected with BGT-AF555 to label newly formed synaptic AChRs ("new receptors"). Fluorescence signals of old receptors, new receptors, and synapse morphologies were monitored using confocal in vivo microscopy. Automated image analysis (see Fig. S5 ) revealed that in contrast to control muscles, NMJs of all treated muscles often showed a fragmented morphology (Fig. 2 B and C) , and a higher new receptor/old receptor ratio (Fig. 2 B and D) . This finding indicated that under these conditions, both NMJ integrity and AChR persistence were affected. Given the apparent involvement of cAMP/ PKA-dependent signaling in the maintenance of NMJs and the described functions of the cAMP agonistic neuropeptide CGRP, we tested whether this would have any effect on NMJ integrity or on AChR persistence. We thus repeated some of the pulse/chaselike experiments and now added 25 μL of 20 μM CGRP during transfection. Automated analysis revealed that CGRP was able to block NMJ fragmentation upon denervation, but not in the presence of silMyoVa ( Fig. 2 B and C) . In addition, we could not observe any effect of CGRP on AChR stability (Fig. 2 B and D) .
CGRP-Induced Rise in [cAMP] in the NMJ Region Is Measureable upon Denervation, but Not upon Block of AKAP or Myosin Va Function in Vivo. Next, we asked whether CGRP-dependent cAMP signaling to PKA RIα might be disturbed by RIAD, inhibition of myosin Va, or denervation. For in vivo monitoring of subsynaptic cAMP signaling, TA muscles were either transfected with RIα-EPAC or cotransfected with RIα-EPAC and RIAD or silMyoVa. Some RIα-EPAC-transfected muscles were denervated. Ten days later, NMJs were marked with BGT-AF647 and FRET-based cAMP measurements were made using in vivo two-photon microscopy (see Fig. S6 for the procedure and probe activity controls). Fibers were illuminated at 810 nm to selectively excite CFP. Emission signals of CFP and YFP were simultaneously recorded. The ratio between the fluorescence intensities emitted from the two chromophores can be conveniently used to dynamically monitor the level of FRET and thus [cAMP] (36, 41) . In control muscles, the NMJ localization was easily determined by the accumulated RIα-EPAC fluorescence signals. Upon selecting these regions, most NMJs showed a clear increase in CFP/YFP ratio of the RIα-EPAC probe upon CGRP application (compare Fig. 3 A and C) . Using this probe, only CGRP, but not norepinephrine (NE) was able to raise [cAMP] significantly (Fig. 3E) . As expected, NE caused a large increase in [cAMP] in fibers transfected with RIIα-EPAC (35) . Next, we examined CGRP-induced changes in [cAMP] upon cotransfection with RIAD or silMyoVa. Under these conditions, much less NMJ regions could be identified in the two-photon images, because the accumulation of RIα-EPAC was largely absent. In some cases, however, a slight enrichment was still present, which could be correlated with the localization of BGT-signals in the single photon images. Thus, we selected these regions to determine the subsynaptic changes in [cAMP] . Notably, CGRP did not evoke any measurable change in [cAMP] in the presence of RIAD or silMyoVa (Fig. 3E) . Conversely, upon denervation we observed a CGRP-dependent rise in [cAMP] similar to that monitored under control conditions (Fig. 3E) .
PKA RIα Codistributes with Myosin Va and AChRs in Vivo. We then asked whether PKA RIα and myosin Va are localized in the same subsynaptic compartment. To approach this issue, we first used immunostaining and found, that both proteins were highly accumulated next to the synaptic AChR staining (Fig. 4 A and B) and exhibited small punctate signals at close distance to the NMJ (arrowheads, Fig. 4A3 and B3) . Next, we wanted to verify, if endogenous PKA RIα and myosin Va colocalized with RIα-EPAC. We thus transfected muscles with our probe and then stained transversal sections of these muscles against AChRs, myosin Va, and a C-terminal epitope of PKA RIα. This revealed a high degree of colocalization between RIα-EPAC and PKA RIα (Fig. 4C ) or myosin Va (Fig. 4D ) in the vicinity of the NMJ. To study the codistribution of PKA RIα and myosin Va in vivo, we cotransfected TA muscles with the marker proteins RIα-EPAC and a cargo binding fragment of myosin Va fused to DsRed (MCST-DsRed). The latter has previously been described to be efficiently targeted to the site of endogenous myosin Va (38) . We have also recently found that it mimics the distribution of endogenous myosin Va in skeletal muscle and that it does not significantly impair NMJ morphology (4). BGT-AF647 was injected to stain NMJs. In vivo confocal microscopy showed a high degree of overlap between the markers for myosin Va and PKA RIα in close vicinity to NMJs (Fig. 4E) . In some cases, enrichments of myosin Va-and PKA RIα-positive puncta extended beyond the overlaying NMJ (e.g., lower NMJ in Fig. 4E ), probably demarcating the disposition of subsynaptic nuclei, which specialize in the expression of NMJ-specific proteins, such as AChRs.
Finally, we investigated if myosin Va and PKA RIα colocalize with endocytosed/recycling AChRs. To this end, we made use of the cell-impermeable BGT-AF647, which marks only surfaceexposed or endocytosed/recycling AChRs if applied in vivo. While AChRs are highly concentrated within the postsynaptic membrane, the amount of endocytosed/recycling AChRs is much lower (7). Thus, in Fig. 4E there seemed to be no colocalization of myosin Vaand PKA RIα-positive objects with AChR-positive puncta. To detect the low-signal, AChR-positive endocytic/recycling objects, we had to adjust laser and detector gains. Taking care of avoiding signal cross-talk, we took in vivo confocal images to visualize AChR-positive subsynaptic puncta (Fig. 4F) . This revealed some triple-positive structures. Furthermore, we observed a few doublepositive puncta for AChR and either myosin Va or PKA RIα. Quantification yielded~90% of PKA RIα and myosin Va marker double-positive objects (Fig. 4G ). Of these,~30% also contained endocytosed/recycling AChRs (Fig. 4G) . Similar values were obtained upon quantification of MCST-DsRed-positive puncta. To further substantiate the presence of myosin Va and PKA RIα in a compartment containing endocytosed/recycling AChRs, we performed pull-down experiments of surface-exposed AChRs upon injection of BGT-biotin in the live mouse. This showed coprecipitation of myosin Va and PKA RIα with AChRs. Conversely, PKA RIIα and PKA RIIβ were not coprecipitated (Fig. S7) .
Discussion
Myosin V motor proteins have recently been identified as key players in the recycling of postsynaptic receptors. For AMPA receptors, either myosin Va (2) or myosin Vb (1, 3) may be important. We have found myosin Va to be crucial for the maintenance of the neuromuscular synapse, apparently by facilitating recycling of AChRs (4) . In extension to this concept, we now present in vivo data showing that for this function, the cooperation of myosin Va with PKA RIα is necessary. Furthermore, we provide strong in vivo evidence that presynaptic cAMP agonists, such as CGRP, are instrumental in activating postsynaptic myosin Va-and PKA RIα-dependent processes and in maintaining the structural integrity of the synapse. We also show that a proper actin cytoskeleton is crucial to efficiently link myosin Va and PKA RIα in close proximity to the postsynaptic membrane. This finding might be important for the correct sensing of local, neuronal agonist-induced cAMP signals.
First, using in vivo BiFC and targeted cAMP sensors (Fig. 1) , as well as immunostainings (Fig. 4 and Fig. S4 ), we show that PKA RIα is highly enriched in an AKAP-dependent manner close to the NMJ. To our knowledge, we are unique in providing a demonstration of BiFC in a live, intact mammal. Our PKA localization data confirm similar observations previously made with other approaches (29) (30) (31) . At present, it is unclear, why under control conditions only about 70% (and not all) RIα-EPAC-positive fibers exhibited accumulations of the probe close to the NMJ. Plausible explanations would be: (i) The mRNA of the transgene is not localized as the endogenous one (31), (ii) problems in the assignment of NMJs to a specific fiber, and (iii) limited amount of binding sites. Notably, subsynaptic localization of our PKA RIα markers was ablated by disrupting the AKAP-PKA RIα interaction, by interfering with myosin Va or by altering the actin cytoskeleton with gelsolin. Furthermore, because all these treatments led to strong decreases in NMJ sizes, this strongly suggests the existence of a functional link between the subsynaptic enrichment of PKA RIα and synaptic integrity. The shrinkage of NMJs did not correlate with fiber cross-sectional area and was therefore a NMJ-specific process. We also noted a strong reduction of NMJ size upon muscle denervation, as previously observed (16, 17, 42) , as well as in the presence of PKI; however, these treatments did not disturb subsynaptic accumulation of PKA RIα. Even though denervation resulted in a decreased muscle cross-sectional area, this was not the case with PKI. Although it cannot be excluded that the reductions in NMJ size upon denervation were at least partially caused by a reduced fiber size (43, 44) , these data suggest that nerve-derived signals trigger postsynaptic PKA-dependent processes leading to the maintenance of the NMJ size.
To better understand the cellular processes leading to smaller synapses, we further characterized the NMJ integrity and persistence of AChRs upon blocking PKA, AKAP, and myosin Va function, altering the actin cytoskeleton or upon denervation. Whereas AChRs were quite stable under control conditions, all other treatments led to a significantly reduced NMJ integrity and AChR persistence (Fig. 2) . While the reduced lifetime of AChRs in the denervated muscles was anticipated from other studies (6, 7, 10, 11) , it showed remarkable similarity to the effects of interference with the actin cytoskeleton, PKA anchoring, myosin Va, and PKA function. Notably, injection of a single dose of CGRP blocked NMJ fragmentation upon denervation but not upon transfection with silMyoVa (Fig. 2) . We were surprised that a single application of CGRP exerted such a long-lasting effect, and future investigations will address this issue in detail. A simple explanation for this observation is that the local concentration of injected CGRP remains elevated for relatively long time periods (e.g., hours or days). However, this result suggests that myosin Vadriven subsynaptic enrichment of PKA RIα needs nerve-derived signals to maintain NMJ integrity and that CGRP might be one of these. Conversely, CGRP was ineffective with respect to AChR turnover under both conditions. Thus, while the increased NMJ fragmentation and AChR turnover occurring upon inhibition of PKA function indicate that both processes depend on cAMP/ PKA signaling, the CGRP rescue data suggest that these two processes are regulated in somewhat different ways. We speculate that, at variance from the NMJ structure maintenance, the regulation of AChR turnover may require activation of another cAMP producing receptor or may be mediated by different mechanisms (e.g., protein modification vs. transcription) that in turn may require different cAMP kinetics/levels.
To test if a particular, subsynaptic cAMP signaling might be relevant in this context, we performed in vivo cAMP monitoring. We found that a CGRP-induced rise in subsynaptic [cAMP] was measureable upon denervation, but not upon block of AKAP or myosin Va function (Fig. 3) . To verify that the RIα-EPAC cAMP sensor used could capture PKA RIα-specific changes in [cAMP], we first separately applied the cAMP agonists NE and CGRP. In a recent study performed in the sarcomeric region of muscle fibers in vivo, we showed NE-elicited increments in [cAMP] within a PKA RIIα-but not a PKA RIα-specific microdomain (35) . On the contrary, CGRP appeared to stimulate only PKA RIα-specific cAMP responses (35) . Now focusing on the subsynaptic region, NE did not evoke any measurable change in the RIα-EPAC signals, while CGRP led to a significant increase in [cAMP] within the PKA RIα-microdomain (Fig. 3) . These data corroborate the presence of a PKA RIα-microdomain close to the NMJ, which is sensitive to neuronal agonists like CGRP. We then investigated the cAMP responses in the presence of RIAD and silMyoVa. In both cases, CGRP-induced rises in subsynaptic [cAMP] could not be detected with the RIα-EPAC probe. This could either mean that no cAMP was produced or that the probe, although still in the proximity of the NMJ, was in fact too distant to measure it. The present data do not allow us to distinguish between these two possibilities, and we are trying to develop a methodology to answer this question. Conversely, denervated muscles showed clear rises of [cAMP] upon application of exogenous CGRP indicating that the putative PKA RIα-microdomain was still in place and functional under this condition. These data suggest a cooperative function of myosin Va and PKA RIα for the maintenance of the NMJ. As such, we expected these molecules to be present in the same subsynaptic compartment. Our immunostaining, in vivo imaging and biochemical pull-down data support this hypothesis (Fig. 4, Figs. S4 and S7, and Movie S1).
In conclusion, we provide strong in vivo evidence for a crucial cooperation of myosin Va and PKA RIα in the maintenance of the NMJ. The present results are consistent with the following model. Under normal conditions, AChRs undergo recycling close to the postsynaptic membrane. To this end, they use carriers bearing also myosin Va and PKA RIα. As described for other cell types, such as melanocytes (38) and neuroendocrine cells (45) , myosin Va may mediate its function in muscle through a "capture" mechanism: by capturing AChR recycling carriers in the cortical actin, myosin Va prevents carrier dispersal in the large volume of the muscle fiber. PKA RIα, instead, could be necessary to mediate phosphorylation of effector molecules, which are needed for proper delivery of the AChRs to the plasma membrane. Therefore, PKA RIα needs to sense local, nerve-induced cAMP signals in a subsynaptic microdomain. This is achieved by myosin Va-dependent capturing of recycling carriers in the subsynaptic actin cortex.
Materials and Methods
Animals, Transfection, and Denervation. C57BL/6J and C57BL/10J mice were used. Animals were from Charles River and maintained in the local animal facility. Use and care of animals was approved by German authorities and according to national law (TierSchG § §7). Intraperitonial injection of Rompun (Bayer) and Zoletil 100 (Laboratoires Virbac) was used for anesthesia. Transfection was as described (41, 46) . For Fig. 2, 25 pmol of BGT-AF647 were coinjected with transfected cDNA. For denervation, 5 mm of the sciatic nerve were removed. Denervation was controlled in killed animals.
Microscopy. All images were made with a DMRE TCS SP2 confocal microscope equipped with a KrAr (488 nm, 514 nm), a diode-pumped (561 nm), a HeNe (633 nm), a Maitai laser (Spectraphysics), a 63×/1.4NA PL APO OIL objective (fixed samples), a 20×/0.7NA HC PL APO CS IMM/CORR UV and a 63×/1.2NA HCX PL APO CS W CORR objective (all Leica Microsystems) (in vivo observation). In vivo immersion medium was Visc-Ophthal gel (Winzer-Pharma). For further experimental details regarding in vivo confocal microscopy see Figs. S1 to S3; for two-photon microscopy, see Fig. S6 ; for injection of agonists, see Fig. S6 ; and for confocal microscopy of slices, see Fig. S4 .
Muscle Slices. See Fig. S4 for protocol of immunostaining. For determination of cross-sectional areas, sections were moistened with PBS and permeabilized with 0.1% Triton X-100. After washing with PBS, slices were blocked with 10% FBS/PBS and then incubated with 5-μg/mL wheat germ agglutinin-AF488 (Invitrogen) in 10% FBS/PBS. Data Analysis. Image analysis employed ImageJ program. For further details regarding the analysis of NMJ size and RIα-EPAC localization in vivo, see Fig. S2 ; regarding the analysis of old-receptor and new-receptor signal densities and fragmentation, see Fig. S5 ; for the data analysis of ratiometric videos, see Fig.  S6 . Regarding the analysis of carrier colocalization in vivo, 3D image stacks were background-subtracted and median filtered. MCST-DsRed or RIα-EPAC signals were binarized and screened for objects of 4 to 20 pxl 2 . Object outlines were used as masks in corresponding BGT-AF647, RIα-EPAC or MCST-DsRed images. Objects in masks above background were counted as colocalizing.
Statistics and Graphics. Data were handled using Microsoft Excel. All data shown in graphs represent mean ± SEM, unless otherwise stated. Normal distribution of data sets was tested with the Lilliefors method (α ≤ 0.05). Variance analysis employed F-test. Significance was tested using Welch test. Significance levels were indicated in figures (*, P ≤ 0.05; **, P ≤ 0.01). For data compilation, Adobe Photoshop and Adobe Illustrator were employed.
